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synthesized and characterized. The polymers were based on azobenzene-4; 4n-dicarboxylic acid. It
was polycondensated either with speciﬁc diamines to yield polyamides or with speciﬁc diols to yield
polyesters. The polymers were characterized by infrared spectroscopy, elemental analyses, 1H NMR
and Thermogravimetric analysis (TGA). The molecular weights were measured by Gel Permeation
Chromatography (GPC). The synthesized polymers showed a good ﬁlm forming.
Degradation of poly azobenzene diacid-co-ethlene glycol 4000 and polyazo benzene diacid-co-
jeffamine 4000 as azopolymer by microorganisms was investigated and the results demonstrated
that Aspergillus fungi have produced almost the highest value, however, Ganoderma resencium
and Pleurotus ostreatus came in the last rank. The highest poly azobenzene diacid-co-jeffamine
4000 degradation rate constant (lmol/ml/h) was performed by Aspergillus fumigatus which pro-
duced 5.73 ± 0.23 lmol/ml/h at 228 nm; whereas Aspergillus ochraceous produced the lowest poly
azobenzene diacid-co-jeffamine 4000 degradation rate constant of 0.94 ± 0.72 lmol/ml/h at
332 nm.
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ND license.1. Introduction
In the last few years, much attention has been paid to the selec-
tive oral delivery of drugs to the colon (Schacht et al., 1996;
Friend, 2005). The reasons for this concern are summarized in
the following points: (1) the need to reduce GI side effects by
medical treatments for colon inﬂammation and colon motility
disorders by local delivery of drugs (Rubinstein., 2000); (2) the
discovery of new anti-inﬂammatory drugs that could be used
for the treatment of typical inﬂammatory diseases of the large
bowel (Lang and Peppercorn, 1999); (3) the disclosure of the
mechanism of action of some nonsteroidal anti-inﬂammatory
drugs (NSAID) such as sulindac which were found to be active
328 E.-R. Kenawy et al.against colon polyps (ﬁrst stage in colon carcinoma) (Qiao
et al., 1997); (4) the recognition that, in some cases, the colon
is capable of absorbing drugs efﬁciently; (5) accumulated evi-
dence that drug absorption enhancement is feasible, primarily
in the colon (Shiga et al., 1987); (6) recent ﬁndings that protein
drugs are absorbed into systemic compartments from the large
intestine better than from the small intestine (Antonin et al.,
1996); (7) the unique metabolic activity of the colon, which
makes it an attractive organ for drug delivery systems design-
ers; and (8) like any other organ speciﬁc targeting, only a small
dose of the drug is required, which subsequently results in few-
er adverse drug reactions. Colon targeting can be achieved by
different approaches. Several systems are currently being
investigated as potential means for colonic drug delivery.
The factors exploited are the pH gradient between the stomach
and the colon and the high concentration of the intestinal
microﬂora residing in the colon; this has been reported to be
up to ﬁve-times greater than concentrations in other parts of
the gastrointestinal tract (Kakoulides et al., 1998).
It was shown that polymeric azo dyes, designed for applica-
tion as food dyes, can be degraded in the colon (Dubru and
Wright, 1975; Hanohan et al., 1977; Brown et al., 1981). This ap-
proach was ﬁrst described by Saffran and co-workers who cross-
linked copolymers of styrene and 2-hydroxyethyl methacrylate
with speciﬁc azo compounds and used these for the oral delivery
of insulin (Saffran et al., 1986; Saffran et al., 1990).An example of
polyester and one of a polyurethane containing azo linkages
along the polymer backbone have also been reported (Samyn
et al., 1995;Kimura et al., 1992).Consequently, the use of coating
materials that are degraded selectively in the colon is of obvious
importance for designing oral delivery of the drugs to the colon.
Many bacteria and fungi species including (Colstridia,
Eubacter, Streptococcus, Bacteroides, and Aspergillus) could be
good candidates to degrade the dye as reﬂected from the
in vivo performance studies to achieving the reduction of azo
groups.
The present paper describes our approach to design degrad-
able polymer systems for the delivery of drugs to the colon.
Azo-containing polyamides and polyesters were prepared by
polycondensation of azobenzene diacid chloride with speciﬁc
diamines and diols. The degradation of azo polymers was stud-
ied by recording the decrease of the absorbance of azo dye
solution in phosphate buffer salt (PBS), at pH 7.2, containing
tested organism, vs. time.
2. Experimental
2.1. Materials
p-Nitrobenzoic acid, thionyl chloride, diols (1,4 butanediol, 1,6
hexanediol, 1,12 dodecanediol, triethylene glycol, polurinic F68
and polyethylene glycol 4000) were purchased from Aldrich;
USA and were used as received. 1,7-diaminoheptane, poly-
tetrahydrofuran diamine 750 (PTHF750), polytetrahydrofuran
diamine 1000 (PTHF 1000), polytetrahydrofuran diamine 2000
(PTHF 2000), jeffamine 148 (JF 148), jeffamine 2001 (JF 2001)
and jeffamine 4000 (JF 4000) were obtained from Texaco
Chemical Co. (Austin, TX, USA) and were dried by isotropic
distillation with toluene. Triethylamine (TEA) was purchased
from Aldrich, USA and was puriﬁed by reacting with
p-toluenesulfonyl chloride, dried over calcium hydride and dis-tilled prior to use. Chloroform was washed with sulfuric acid
and water and was dried over calcium hydride.
2.2. Microorganisms
The following microorganisms were chosen to evaluate its
activity toward the reduction or (degradation) of the synthe-
sized polymers: Aspergillus ﬂavus, Aspergillus fumigatus,
Aspergillus niger, Aspergillus ochraceous and Fusarium oxy-
sporum were isolated from the Egyptian soil and identiﬁed.
Pleurotus ostreatus Hngary (HAR17) was obtained from the
Agricultural Research Center, Cairo, Egypt, and Ganoderma
resencium mycelial hyphae were isolated and puriﬁed from
their fruiting bodies, Candida albicans was used as yeast model.
Escherichia coli were used as bacterial organisms.
2.2.1. Media
Nutrient agar and Nutrient broth medium were used for grow-
ing E. coli as bacterial cultures. Sabouraud dextrose agar was
used for growing of C. albicans. Malt extract medium was used
for growing P. ostreatus, G. resencium, A. ﬂavus, A. fumigatus,
A. niger, F. oxysporum, and A. ochraceous.
2.2.2. Evaluation of the microbial biodegradation of the
azopolymers
For each organism, a series of test tubes have been prepared to
obtain active vegetative microbial growth before the process of
biodegradation. Stock cultures were used to inoculate 5 ml of
broth medium speciﬁc for organism in number of test tubes.
After incubation for 24 h at speciﬁc temperature for each organ-
ism, the cells were harvested by centrifugation (4000 rpm) for
10 min, suspended in 0.5 ml of PBS buffer, pH 7.2 (2 mM
KH2PO4, 3 mM Na2HPO4. H2O, 167 mM NaCl) containing
0.125 mM benzylviologen and 6.3 mM D-glucose monohy-
drate. A certain volume was added to proper solid medium
and the colony forming unit was determined by spread plate
technique.
Approximately 107 colony forming unit per ml of the se-
lected microorganisms was used to inoculate the proper med-
ium containing 33 lM of the azopolymers and 0.125 mM
benzylviologen in test tube. Then, the test tubes were closed
with rubber stopper, and incubated at 37 C in a horizontal
shaking water bath, set at 100 rpm/min. At regular time inter-
vals, one tube was withdrawn from the water bath, opened
and 0.5 ml of 30% trichloroacetic acid aqueous solution was
added to stop the reaction, the absorbance of the clear superna-
tant was measured at the maximum wavelength of absorbance
(kmax = 332 and 228 nm for polymer IX and 320 and 230 nm
for polymer XV. A calibration graph for each azo polymer
was carried out by measuring the absorbance of PBS buffer
solution pH 7.2, solution containing 3% (w/w) of trichloroace-
tic acid and a known concentration of the azo polymer. From
the calibration graph, the azopolymer concentration was deter-
mined and plotted against the time. The rate of azo polymer
degradation (K, the slope of the linear part of the degradation
curve) was calculated as micromoles of azopolymer degraded
per hour and per ml of inoculum (l mol/h/ml).
2.2.3. Instrumentation
FTIR spectra were recorded on a Perkin-Elmer 1430 Ratio
Recording Infrared Spectrophotometer apparatus from KBr
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Spectrophotometer. 1H NMR spectra were recorded using a
Varian 300 M, Mercury-Oxford and a Jeol JNM-PM X90 SI
NMR spectroscopy. Tetramethylsilane (TMS) was employed
as the internal standard. Melting points were determined on a
Gallenkamp apparatus. Gel Permeation Chromatography
(GPC) were performed on Jasco PU-1580 HPLC liquid
chromatograph connected to Jasco 830-RI and Perkin–Elmer
LC-75 spectrophotometric (k= 260 nm) detectors and
equippedwith two PL gel 5 lmixed-D columns to obtainmolec-
ular weight average (Mw) and polydispersities ( Mw= Mn). Chlo-
roform was used as an eluent at 1.0 ml min1 ﬂow rate.
Monodisperse polystyrene standards were used for calibration.
Thermal analysis (TA) was carried on a Mettler TA 4000
System instrument consisting of DSC-30 differential scanning
calorimeter, TGA-50 furnace with a M3 microbalance, and
TA72 Graphware software was employed for thermal analy-
ses. DSC samples of 5 mg were weighed in 40 ll aluminum
pan and an empty pan was used as reference. Measurements
were carried out under 80 ml/min nitrogen ﬂow rate according
to the following protocol: ﬁrst and second heating from 0 C to
140 C at 10 C min1; ﬁrst cooling (quenching) from 140 C
to 0 C at 100 C min1; and second heating from 0 C to
300 C at 10 C min1. TGA evaluations were performed on
5–6 mg samples at 10 C min1 from 25 C to 700 C, under
200 ml min1 nitrogen ﬂow rate. Elemental analyses were
determined on a Heraeus and Perkin–Elmer 2400.
2.2.4. Synthesis of azobenzene-4; 4n-dicarboxylic acid (I)HOOC N N COOH
(I)In a 2 l conical ﬂask, 52 g (331 mmol) of p-nitrobenzoic acid
and 200 g of sodium hydroxide were mixed dry and then were
dissolved in 900 ml of distilled water. The mixture temperature
was equilibrated in a water bath at 50 C, then a solution of
glucose (400 g in 600 ml of water) was added dropwise over
90 min. The reaction mixture was further stirred for 2 h at
+50 C, and then air was bubbled through the mixture for
2 days. The sodium salt of the product was ﬁltered, and the
product was then poured onto boiling water and reﬂuxed for(1) glucose
(2) NaOH
   Air
Acetic acid
COOHO2N NaOOC NH NH COONa
NNaOOC N COONa
HOOC N N COOH
(I)
Scheme 1 Synthesis for azobenzene 4; 4n-dicarboxylic acid.further 10 min, acidiﬁed with 50% acetic acid while hot until
pH reachedP 5. The product (I) was cooled to room temper-
ature then collected by ﬁltration (G4 ﬁlter), washed with ace-
tone (2·) and with ether (2·), and then was dried under
vacuum overnight. The product (I) [C14H10N2O4] was ob-
tained in 56% yield (Scheme 1). The structure was conﬁrmed
by 1H NMR, IR spectra, and elemental analysis.
2.2.5. Synthesis of azobenzene diacid chloride (II)
In a 250 ml round-bottomed ﬂask, 100 ml (9 mmol) of thionyl
chloride was added to a solution of 23 g (8.5 mmol) of (I) in
125 ml of dried toluene. DMF (10) ml was added as a catalyst
and the reaction mixture stirred and heated for 5 h at 70 C.
The reaction mixture was then ﬁltered through a G4 sintered
glass funnel to remove solid impurities and the ﬁltrate was
refrigerated overnight. Product azobenzene diacid chloride
(ABDC) (II) was precipitated as red needles crystals, collected
by ﬁltration and washed with dry toluene (2·), dry hexane (3·)
and then dried under vacuum at room temperature overnight.
Product (II) [C14H8N2Cl2O2] was obtained in 85% yield
(Scheme 2). The structure was conﬁrmed by IR spectra.
2.2.6. Polymerization of azobenzene diacid chloride (II) with
diamines
Polycondensation of azobenzene diacid chloride (II) with spe-
ciﬁc diamines was carried out by solution polycondensation
technique in dry ethanol free chloroform.
The following procedure using heptamethylenediamine was
typical as follows: In a 100 ml round-bottomed ﬂask, 18.2 ml
dry TEA was added to an ice cooled solution of 0.78 g
(6 mmol) of heptamethylenediamine in 15 ml of dry ethanol
free chloroform. The reaction mixture was stirred for 15 min
in an ice-salt bath at 10 C, then a solution of 2.22 g
(6 mmol) of (II) in 25 ml dry chloroform (ethanol free), was
added dropwise to the mixture with continuous stirring. The
reaction mixture was further stirred at 10 C for 30 min then
for 48 h at room temperature. The chloroform layer was ex-
tracted with 0.1 M HCl (3·), 0.1 M NaOH (3·) and ﬁnally
with water (3·). The chloroform layer was dried over anhy-
drous magnesium sulfate overnight at room temperature and
then the mixture was then ﬁltered. The chloroform was evap-
orated on a rotary evaporator and the product (III) was dried
under vacuum at room temperature for 24 h. The product (III)
was characterized by elemental analysis and IR spectra.
Other polycondensations were carried by the same procedure.
Table 1 shows the quantities of reactants involved. Polymers
were characterized by elemental analysis, IR spectra, 1H
NMR, TGA and GPC.HOOC N N COOH
(1)SOCl2
(2)DMF
(3)Dry toluene
ClOC N N COCl
(II)
(I)
Scheme 2 Synthesis for azobenzene diacid chloride.
Table 1 Reactant quantities of azobenzene diacid chlorides (II, 6 mmol) with various diamines.
Diamine H2N–R–NH2 Diamine mmol, g Polymers
–R– Code m.p (C) Yield (%)
–(CH2)7 6 mmol, 0.78 g III 150 85
–(CH2)3–O–(CH2CH2CH2CH2O)8–(CH2)3– PTHF750 6 mmol, 4.5 g IV 155–160 89
–(CH2)3–O–(CH2CH2CH2CH2O)12–(CH2)3– PTHF1000 6 mmol, 6 g V 200 92
–(CH2)3–O–(CH2CH2CH2CH2O)24–(CH2)3– PTHF2000 6 mmol, 12 g VI Over 300 95
–CH2CH2OCH2CH2OCH2CH2– Jeﬀamine 148 6 mmol 0.88 g VII 250 92
–(CH2CH2OCH2CH2OCH2CH2)16– (Jeﬀamine 2001) 6 mmol, 12 g VIII 100 86
–(CH2CH2OCH2CH2OCH2CH2)33 (Jeﬀamine 4000) 6 mmol, 24 g IX 190 84
Table 2 Quantities of reactants and yields of azobenzene diacid chloride (II, 6 mmol) with various diols.
Diols HO–R–OH mmol, g Polymers
–R– Code m.p. (C) Yield (%)
–(CH2)4– (1,4-Butanediol) 6 mmol, 0.78 g X 172 65
–(CH2)6– (1,6-Hexanediol) 6 mmol, 4.5 g XI 165 67
–(CH2)12– (1,12-Dodecanediol) 6 mmol, 6 g XII 152 62
–(CH2CH2–O)3– (Triethylene Glycol) 6 mmol, 12 g XIII 140 68
( CH2CH2O) (CH2CHO
CH3
) (CH2CH2OO x y
POL 68
6 mmol, 0.88 g XIV 160 70
–(CH2CH2–O)n– (Polyethylene Glycol) 6 mmol, 12 g XV 158 72
N N
HO
ABDOL 6 mmol, 1.39 g XVI 180 65
Table 3 1H NMR shifts in ppm for monomer (I) and polymers.
Compounds Groups
NH NH2 CH2 OH COOH CH2CH2 CH3 CH2CH
CH2CH
CH3
I 8.1 (m) 11.6 (s)
IV 7.8–8.1 (m) 7.3 (s) 3.4 (s) 3.3 (q) 1.1–1.7 (t)
VIII 7.5–8 (m) 7.2 (s) 4.3 (s) 4.1 (q) 1.1–1.6 (t)
XII 7.9–8.1 (m) 2.9–3.6(q) 7.2 (s) 1.1–1.7 (t)
XIII 7.9–8.1 (m) 7.2 (s) 2.4–3.6 (t)
XIV 7.9–8.2 (m) 7.2 (s) 1.2(t) 3.87 (d) 3.9 (d) 3.5 (m)
XV 7.9–8.2 (m) 7.3 (s) 3.5–4.5 (t)
XVI 7.8–8.1 (m) 6.5 (s)
Shifts in ppm, s: singlet d: doublet t: triplet q: quartet m: multiplet.
330 E.-R. Kenawy et al.2.2.7. Polymerization of azobenzene diacid chloride (II) with
speciﬁc diols
The polycondensation of azobenzene diacid chloride (II) with
speciﬁc diols was achieved by the reaction of the components
in dry, ethanol free chloroform. The following procedure using
1,4-butanediol is typical: The title polymer was prepared from
azobenzene diacid chloride (II) similar to the synthesis of poly-
amide (III) using the following quantities: 2.22 g (6 mmol) of
azobenzene diacid chloride (II), 0.78 g (6 mmol) of 1 and 4-
butanediol. The product (X) was characterized by elemental
analysis and IR spectra.Other solution polycondensation was carried out in a sim-
ilar manner. The quantities of the reactants involved are listed
in Table 2. Polymers (XI–XVI) were characterized by elemen-
tal analysis, IR spectra, TGA, GPC and 1H NMR.2.2.8. Casting of ﬁlms
A solution of the azopolymer in chloroform (30%) was casted
on a siliconized glass plate. After evaporation of the solvent in
a hot air ventilated oven, the ﬁlm was removed from the glass
plate after 24 h at room temperature.
Table 4 Elemental analysis of copolymers of azobenzene diacid chloride and diamines and their UV–Vis absorption spectra (in
CHCl3).
Compound C% H% N% kmax (Visible) (nm) kmax (UV) (nm)
Calc. Found Calc. Found Calc. Found
I 62.2 59.0 3.7 3.4 9.1 9.0 472 334
III 69.0 62.3 8.5 7.5 15.5 13.0 452 332
IV 63.4 62.0 10.0 9.6 5.6 5.2 – 332
V 66.1 63.0 12.6 10.0 4.5 4.3 – 331
VI 62.3 53.0 11.8 10.0 2.5 2.2 – 329
VII 62.8 60.0 5.3 5.2 14.6 14.0 452 332
VIII 62.3 60.0 9.4 8.4 2.5 2.2 451.5 332
IX 60.0 58.0 9.5 9.4 1.3 1.2 – 381
Table 5 I.R. (cm1) analysis of azobenzene diacid monomers (I, II) and azopolyamides.
Polymer
C
O
OH C
O
Cl NHC
O –N‚N– 1,4-Disubstitued benzene (CH)alph
C‚O –OH C‚O C–Cl C‚O C–NH
I 1810 3425 1418 777
1595
II 1772 701 1458, 637
1591
III 1631 3055 1399 777 2928
1536 3426 1485
IV 1632 3426 1369 686 2635
1538 1456
V 1632 3438 1373 745 2857
1533 1452
VI 1636 3055 1370 875 2845
1452
VII 1632 3427 1399 774 2926
1536 1484
VIII 1644 3053 1364 756 2825
1533 1451
IX 1649 3445 1352 625 2869
1532 1456
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The synthesis of azobenzene diacid involving the glucose
reduction of alkaline 4-nitrobenzoic acid solution to the
hydrazo diacid, followed by air oxidation to give the azoben-
zene diacid is described in Scheme 1. The product was an or-
ange pink powder with 56% yield, melting point over 360 C.
Azobenzene diacid is an insoluble substance and decom-
poses at elevated high temperatures. The product was charac-
terized by 1H NMR (in d6-DMSO) which showed peaks at
d= 7.7–8.2 ppm (m, 8H, ArH), d= 11.6 ppm (s, H, 2COOH)
as shown in Table 3. The elemental analysis of the prepared
azobenzene diacid was in an agreement with the calculated val-
ues as shown in Table 4.
The IR spectra of the azobenzene diacid as in Table 5 showed
peaks at 1810 cm1 for (C‚O) in (COOH), 1418 and 1595 cm1
for (–N‚N–) and disappearance of (–NO2) peak at 869, 1343
and 1537 cm1 Azobenzene diacid was of sufﬁciently high pur-ity, and was used directly in the synthesis of azobenzene diacid
chloride required for the polymer syntheses.
Azobenzene diacid chloride was prepared from 4; 4n-azo-
benzene diacid (I) and thionyl chloride as described in Scheme
2. The azobenzene diacid chloride was isolated and crystallized
as red needles in 85% yield from (ABDC), melting point
(164–165 C). The structure was conﬁrmed by IR spectra
(Table 5). It showed peaks at 1772 cm1 for (C‚O) in (COCl)
and 701 cm1 for (C–Cl) in (COCl).
3.1. Solution polycondensation of azobenzene diacid chloride
3.1.1. Azopolyamides synthesis
A solution of the required diamines, containing the quantities
shown in Table 1, was added to azobenzene diacid chloride in
the presence of dry TEA as an acid acceptor to form azopolya-
mide. The reaction was carried out under anhydrous condition
as shown in Scheme 3.
Polymer Diamine R 
III 1, 7 heptamethylene 
        Diamine 
(CH2)7
IV PTHF 750 (CH2)3 O (CH2CH2CH2CH2O)8 (CH2)3
V PTHF 1000 (CH2)3 O (CH2CH2CH2CH2O)12 (CH2)3
VI PTHF 2000 (CH2)3 O (CH2CH2CH2CH2O)24 (CH2)3
VII Jeffamine 148 CH2CH2OCH2CH2OCH2CH2
VIII Jeffamine 2001 CH2CH2OCH2CH2OCH2CH2)( 16
IX Jeffamine 4000 CH2CH2OCH2CH2OCH2CH2)33(
NC
O
N ClClC
O
NC
O
N( C NH
O
R NH)n
+       H2N R NH2
Azo benzene diacid chloride
Polyamide
acid acceptor
(III-IX) 
Scheme 3 Synthetic route of polyamides from azobenzene diacid chlorides with speciﬁc diamines.
NC
O
N lCClC
O
HO R OH
NC
O
N( C O
O
R O)n
  +
Azobenzene diacide chloride
Polyester
acid acceptor
(X-XVI)
Azo 
polymer -R-sloiD
X 1, 4-butanediol (CH2)4
XI 1,6-hexanediol (CH2)6
XII 1,12-dodecanediol (CH2)12
XIII TGE (CH2CH2 O)3
XIV pluronic F68 ( CH2CH2O) (CH2CHO
CH3
) (CH2CH2O)O x y
XV PEG 4000 (CH2CH2 O)n
XVI 
ABDOL N N
HO
Scheme 4 Synthetic route of polyesters from azobenzene diacid
chlorides with speciﬁc diols.
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methylenechloride, ethanol, and methanol, insoluble in ben-
zene and toluene. The elemental analysis of the synthesized
azopolymer was in an agreement with the calculated values
as shown in Table 3. The synthesized azopolymers were
characterized using infrared spectroscopy; the major absorp-
tions are summarized in Table 5 and showed the appearance
of peaks at 1631–1649 and 1536–1538 cm1 for (C‚O) in
(CONH), at 3426–3445 and 3055 cm1 (N–H) in (CONH)
and disappearance of the peak at 701 cm1 for (–C–Cl). 1H
NMR for azopolyamide (IV) (in d6-DMSO): d= 7.8-
8.1 ppm (m, 8 H, ArH), d= 7.3 ppm (s, 1H, NH),
d= 3.4 ppm (s, H, NH2), d= 3.3 ppm (q, 2H, CH2), and
d= 1.1–1.7 ppm (t, 2H, CH2CH2), and for azopolyamide
(VIII) (in d6-DMSO): d= 7.5–8.0 ppm (m, 8 H, ArH),
d= 7.2 ppm (s, 1H, NH), d= 4.3 ppm (s, H, NH2),
d= 4.1 ppm (q, 2H, CH2), and d= 1.1–1.6 ppm (t, 2H,
1CH2CH2), as shown in Table 3.
Thermogravimetric data (TGA) of the polymers (VII, IX)
are summarized in Table 5. It was aimed to evaluate the ther-
mal stabilities of these new polymeric materials even its in-
tended for applications at body temperature. The TGA
showed no weight loss at the minimum temperature under a
nitrogen atmosphere. TGA revealed that the polymers were
stable up to 300 C and the decomposition of the polymers
was complete at 600 C. Each polymer showed stages of
decomposition depending on their chemical structure, for
example polyamide VII based on Jeffamine 148 showed two
stages of decomposition, the initial decomposition temperatureTable 6 Thermogravimetric TGA data of azo polymers (VII), (IX)
Polymer code Volatile (%) W1 (%) W
VII nd 6.7 3
IX nd 2.6 8
XII 5.7 28.2 2
XV nd 2.5 8
W1, W2, W3, W4 = weight loss with increased temperature from 200 towas in the range of 250–400 C and the second stages in the
range of 400–600 C. In the case of polyamide IX, which is
based on Jeffamine 4000, the degradation pattern is completely, (XII) and (XV).
2 (%) W3 (%) W4 (%) R600 (%)
1.3 17.2 42.6 2.2
4.1 10.5 nd 2.8
4.6 15.1 14.1 12.3
6.4 nd 8.6 2.5
500 C, R600 = residue at 600 C, nd = not detected.
Table 7 Elemental microanalysis of copolyesters of azobenzene diacid chloride and diols and their UV–Vis absorption (in CHCl3).
Polymer C% H% N% kmax (Visible) (nm) kmax (UV) (nm)
Calc. Found Calc. Found Calc. Found
X 55.9 55.5 7.77 7.78 8.6 8.4 457 330
XI 61.8 59.1 5.6 5.0 7.9 7.0 446 330
XII 66.3 60.0 6.0 6.0 8.2 8.0 447 330
XIII 61.8 58.0 7.2 5.4 7.2 6.4 452 330
XIV 54.4 52.0 12.4 12.0 2.8 2.5 436 329
XV 54.8 54.6 6.2 6.0 4.4 4.0 457 327
XVI 56.0 54.0 3.4 3.3 13.0 12.1 – 381
Table 8 I.R. spectra of copolymers of azobenzene diacid chloride and diols.
Polymer
C
O
OR
–N‚N– 1,4-Disubstituted benzene (CH2)– –OH
C‚O C–O
X 1729 1244 1455, 1545 757 2948 3427
XI 1724 1208 1453, 1532 774 2927 3444
XII 1726 1181 1386, 1457 785 2927 3423
XIII 1713 1214 1452, 1539 780 2925 3397
XIV 1725 1243 1458, 1549 799 2914 3424
XV 1725 1111 1459, 1532 848 2870 3423
XVI 1729 1253 1414, 1599 784 – 3441
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This difference in thermal behavior between the polyamides
VII and IX might be due to the molecular weight difference
between the two monomer units Jeffamine 148 which have
low molecular weight compared to the Jeffamine 4000 unit
or may be due to higher density of linking groups with the pos-
sibility of groups interacting.
The molecular weight of the copolymer (VIII, IX) was
determined by GPC using polystyrenes as standards for cali-
bration and RI detector. The average molecular weight Mw
and Mn for polymer VIII are 4782.9, 9675.3. The polydisper-
sity of the polymer was 2.022. Polymer IX showed values of
Mw and Mn of 16136, 6897.9, respectively. The polydispersity
of the polymer was 2.33.
3.1.2. Azopolyester synthesis
Solution polycondensation for azopolyesters was carried simi-
larly to solution polycondensation for azopolyamide. The
amounts of diols used in the polymerization process are shown
in Table 2. The polymerization is as outlined in Scheme 4.
The elemental analysis of the synthesized azopolyester was
in a good agreement with the calculated values as shown in
Table 7. The IR spectra of the azopolymers as in Table 8
showed the appearance of peaks at 1713–1729 cm1 for
(C‚O) in (COOR), and at 1111–1253 cm1 for (C–O) in
(COOR) and the disappearance of peak at 701 cm1 for
(–C–Cl). 1HNMR were carried out for all azopolyester in
d6-DMSO. Azopolyester (XII) showed peaks at: d= 7.9-
8.1 ppm (m, 8 H, ArH), d= 7.2 ppm (s, H, 1 OH), d= 2.9-
3.6 ppm (d, CH2), and d= 1.1–1.7 ppm (t, for CH2CH2), for
azopolyester (XIII): d= 7.9–8.1 ppm (m, 8 H, ArH), d=
7.2 ppm (s, H, 1 OH), and d= 2.4-3.6 ppm (t, for CH2CH2).
1HNMR for azopolyester (XIV): d= 7.9-8.2 ppm (m, 8 H,
ArH), d= 7.2 ppm (s, H, 1 OH), d= 2.2 ppm (d, CH2,CH2CH), and d= 3.5 ppm (m, CH, CH2CH), and d= 3.6–
3.8 ppm (t, for CH2CH2). Azopolyester (XV) showed peaks
at: d= 7.9–8.2 ppm (m, 8 H, ArH), d= 7 ppm (s, H, OH),
and d= 3.5–4.5 ppm (t, CH2CH2), and azopolyester XVI
showed peaks at d= 7.9–8.1 ppm (m, 8 H, ArH), and
d= 6.5 ppm (s, H, OH) as shown in Table 3.
Thermogravimetric data of polymers XII and XV are sum-
marized in Table 6. The thermal analysis showed 5% weight
loss at the minimum temperature for polymer XII and no
weight loss at the minimum temperature for XV under a nitro-
gen atmosphere. The decomposition of the polymers was al-
most complete around 600 C.
Thermal degradation pattern for azopolyester XII showed
three stages for degradation, the ﬁrst stage is in the range of
100–200 C, 23% mass loss was observed. The second stage
is in the range of 200–400 C, with accumulative 37% mass
loss. The last stage was observed in the range of 400–600 C
with accumulative 77% mass loss. Thermal behavior of poly-
mer XV showed that the degradation occurred in one stage
at 400 C with total mass loss of 93%. Again the difference
in thermal behavior of polyesters XII and XV might be due
to the difference in the molecular weight of the monomer units
since polymer XV is based on PEG 4000 and XII is based on a
unit with a smaller molecular weight. The copolymer (XIV)
which was also characterized by GPC showed Mn: 7607.2,
Mw: 10512 and the polydispersity of the polymer was 1.381.
3.2. Microbial degradation of the azopolymers
The degradations of azopolyester (XV) and azopolyamide (IX)
polymers were studied using the selected microorganisms.
The degradation of azopolyester and azopolyamide by
fungal species as Aspergillus, C. albicans, E. coli, P. ostreatus
and G. resencium vs the incubation time was investigated.
Table 9 Azo polymers degradation rates constant (lmol/ml/h) using selected microorganisms.
Tested azopolymer Azo reduction activity
Degradation rate (lmol/ml/h)
Wave length k (nm) A. ﬂavus A. fumigatus A. niger A. ochraceous F. oxysporum C. albicans E. coli
(XV) 328 0.74 ± 0.14 2.88 ± 0.23 2 ± 0.3 0.86 ± 0.12 0.53 ± 0.018 1.78 ± 0.15 1.24 ± 0.06
230 2.24 ± 0.065 4.3 ± 0.21 5.52 ± 0.115 2.43 ± 0.097 3.29 ± 0.11 1.12 ± 0.21 –
(IX) 332 3.76 ± 0.5 0.98 ± 0.16 5.35 ± 0.82 0.94 ± 0.072 5.05 ± 0.53 4.2 ± 0.33 1.29 ± 0.04
228 1.6 ± 0.4 5.73 ± 0.23 3.27 ± 1.38 3.3 ± 0.104 3.56 ± 0.26 2.18 ± 0.6 –
Table 10 Azopolymers degradation percentage by selected microorganisms.
Tested azopolymers Azo degradation (%)
Organisms
Wave length k (nm) A. ﬂavus A. fumigatus A. niger A. ochraceous F. oxysporum C. albicans E. coli
(XV) 328 97.7 98 95.7 93.2 95.1 95.6 91.6
230 89.5 77.5 75.65 74.34 66.1 74.9 –
(IX) 332 98 93 97 94.8 92 96.5 67.64
228 98 67.9 60.48 60.9 60.04 71.4 –
334 E.-R. Kenawy et al.The rate of degradation was expressed as a function of degra-
dation percentage (Table 9) and degradation rate constant
(Table 10). The results showed, after an initial latency phase,
the concentration of azo compounds decreases linearly as a
function of the incubation time, indicating that the azo reduc-
tion is a zero-order phenomenon (Walker, 1970) and has dem-
onstrated linearity of the azo degradation by bacteria
(Streptococcuse faecalis). Moreover, the linearity of the degra-
dation was conﬁrmed by studying the inﬂuence of the dye con-
centration on the degradation rate. No change of the
degradation rate could be observed when the initial concentra-
tion of azopolymer was doubled. The degradation rates of azo-
polyester and azopolyamide were determined by linear
regression from the linear part of the degradation curves.
The degradation rate constant, percentage by selected fungi
is listed in Tables 9–11. The presence of redox mediators in
the degradation of azopolymers is substantially increased in
the presence of riboﬂavin. Indeed, redox mediators, which
are characterized by a redox potential ranging from 200 to
350 mV, can act as electron shuttles between azo reductase
and azo derivatives, and thereby increase the degradation rate.
To the best of our knowledge, little or no work has been
done concerning the biodegradation of azo dyes by fungi.
The present study revealed that all tested microorganisms
could degrade azopolyester XV as indicated by measuring
the absorbance at wavelength 328 nm to monitor the concen-Table 11 Azopolymers reduction rate constant (lmol/ml/h) and deg
resencium).
Tested azopolymers Azo reduction activity
Degradation rate constant (lmol/ml/h) at
P. ostreatus G. r
(XV) 10.43 ± 0.21 8.55
(IX) 2.67 ± 0.19 0tration of the produced monomer from the degradation pro-
cess. The maximum biodegradation percentage was obtained
by A. fumigatus (98%) and the minimum was achieved with
E. coli (91.6%) at wave length 328 nm. A. ﬂavus degraded
89.5% of azopolyester XV as indicated by measuring absorp-
tion at 230 nm to monitor the polymer unit changes and deg-
radation (Table 9). Furthermore, A. ﬂavus performed the
highest degradation percentage for azopolyester XV (98%)
at both measured wavelengths (332 and 228 nm). However,
E. coli was not able to degrade the azopolyester XV; this
was indicated by the fact that there are no changes in the
absorbance of sample at 332 and 288 nm.
Degradation studies of polymers XV and IX as azopolymer
by microorganisms has demonstrated that Aspergillus fungi
showed high degradation of the polymers, followed by the
yeast (C. albicans), and then E. coli as bacterial organism
(Table 9). However, G. resencium and P. ostreatus as model
organisms of basidiomycetic fungi came in the last rank
(Table 11).
There is extensive information available on biodegradation
of polymers by hydrolysis; although little is known about azo-
polymers. There is no reliable evidence to suggest that the
insoluble azopolymers are degradable through azo reduction
by biological systems. In spite of the ability of many bacteria
and mammalin cells to cleave the azo bonds in low molecular
weight azo compound, the water soluble high-molecularradation Percentage using edible mushroom (P. ostreatus and G.
kmax = 330 nm Degradation (%)
esencium P. ostreatus G. resencium
± 0.16 67.64 39.3
90 0
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demonstrated (Walker, 1970; Brown, 1981). Kinetics of azo
polymers reduction by the selected microorganisms have been
investigated by studying the relation between the degradation
of polymer XV and IX against the incubation time (Table 9).
Current data indicated that the degradation of polymers
XV and IX, with different tested microorganisms produced
different values of degradation rate constant (Azo Reductase
Activity), which varied from one organism to another (Table
10). The highest rate constant of XV degradation was
obtained by A. niger which produced 5.52 ± 0.115 lmol/ml/
h at 230 nm. However, A. ochraceous performed 0.86 ±
0.12 lmol/ml/h. degradation constant at 328 nm. The highest
degradation rate constant for XV (lmol/ml/h) was obtained
by A. fumigatus which preformed 5.73 ± 0.23 lmol/ml/h at
228 nm. However, A. ochraceous produced the lowest degrada-
tion rate constant of 0.94 ± 0.72 lmol/ml/h at 332 nm for IX.
It is anticipated that the azopolymers degradation process oc-
curs exactly if the azo reductase was able to distinguish be-
tween the azodyes present concurrently in the medium
according to their redox potential as also previously investi-
gated by Semde et al. (1998). Surprisingly, P. ostreatus and
G. resencium have performed the highest rate constant for deg-
radation for XV which produced 10.43 ± 0.21 and 8.55 ±
0.16 lmol/ml/h at 330 nm and P. ostreatus (edible mushroom)
preformed a high rate of degradation constant more than
G. resencium with two synthesized polymers as shown in
Table 11.
Since the discovery of the activation mechanism of sulfasal-
azine into 5-amino salicylic acid by the intestinal microﬂora,
until now, there is insufﬁcient understanding of azo reduction
mechanism and the difﬁculty in obtaining successful colonic
delivery system to protect a drug from mouth to cecum and
to afford its site-speciﬁcity which are obstacles (Semde et al.,
1998). From results it appears that no relationship could be
established between the structure of azopolymers and degrada-
tion rate constant value (K).
4. Conclusions
Novel, linear azo containing polyamides and polyesters were
prepared by reacting azobenzene diacid chloride with various
diamines and diols. The synthesized polymers were ﬁlm form-
ing. The biodegradation properties of the resultant azocopoly-
mers were investigated using various microorganisms and
showed that the azopolymers performed degradation with
the tested microorganisms. However, the degradation varied
according to the microorganisms. It is anticipated that theseazopolymer would be useful as enteric coating for colon spe-
ciﬁc drugs.References
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